Gliomas are the most common primary malignant tumor of the CNS, with 50% of patients presenting with the most aggressive form of the disease: glioblastoma \[[@B1]\]. Despite research and surgical advances over the last two decades, the median survival remains poor \[[@B1]\].

The human gastrointestinal tract harbors millions of microorganisms with diverse characteristics and functions with the relative composition dependent on genetic and environmental factors \[[@B6]\]. The gut microbiome plays an important role in intestinal metabolism, intestinal barrier integrity, antigenic diversity and immunity \[[@B7],[@B8]\]. Recent studies suggest that certain microbes may confer susceptibility to cancers and may also influence response to therapies through humoral, immunologic and metabolomic pathways; however, our understanding of the effects of the microbiome is far from complete \[[@B9]\].

Metabolites are small molecules that are intermediates or products of biochemical reactions, such as glycolysis or synthesis of cellular macromolecules \[[@B10]\]. Short-chain fatty acids (SCFAs), of which 95% consists of acetate, propionate and butyrate, have been implicated in a variety of physiological processes and (neuro) immune functions \[[@B6],[@B11]\]. In animal models, decreased gastrointestinal SCFA levels have been associated with Alzheimer\'s disease and chronic stress \[[@B12],[@B13]\]. In humans, alterations of fecal SCFA levels have been reported in various neurological conditions, including stroke \[[@B14],[@B15]\]. Such data implicate SCFAs as a possible key player in microbiota--gut--brain axis communication.

Prior studies have demonstrated that bacteria respond to host neurotransmitter signaling \[[@B16]\]. The gut microbiome has been shown to synthesize and respond to several key neurotransmitters (e.g., serotonin \[5-hydroxytryptamine\], GABA, norepinephrine, epinephrine) which are involved in various host functions such as mood, behavior and cognition \[[@B6],[@B17]\]. Many of these host- and microbial-derived neuroactive molecules are also important signaling molecules in host--microbiota interactions at the intestinal interface \[[@B6]\].

In observational studies, the microbiome and fecal metabolites have been shown to confer susceptibility to certain CNS diseases and cancer, and may potentially influence the response to therapies \[[@B6],[@B9],[@B18]\]. However, the role of these metabolites and the microbiome in CNS malignancies, particularly gliomas, are unknown. The goal of this preliminary study was to explore alterations in fecal SCFAs and neurotransmitters in a glioma mouse model and a preliminary human glioma cohort. We hypothesize that glioma growth may induce changes in the fecal composition of various metabolites, including neurotransmitters.

Methods {#S0001}
=======

Animals {#S0002}
-------

20 month old male C57BL/6 mice from the National Institute on Aging (MD, USA) were allowed to acclimate for a minimum of 4 weeks before use. All mice were housed in a temperature- and humidity-controlled vivarium, five per cage (11" L, 6\" W, 6\" H) with a 12 hour light/dark schedule with *ad libitum* access to food and water. All experimental work was approved by The University of Texas Health Science Center at Houston, Center for Laboratory Animal Medicine and Care (TX, USA).

Alterations in the expression of fecal metabolites in the setting of glioma +/- oral temozolomide (TMZ) were evaluated using 15 mice assigned to four experimental groups (first experiment). Group 1: Sham/Saline (n = 3), Group 2: Glioma/Saline (n = 4), Group 3: Glioma/TMZ 5 mg/kg (n = 4) and Group 4: Glioma/TMZ 25 mg/kg (n = 4). All animals were housed in cages according to treatment groups. Tumor implantation was performed on day 0. Starting on day 14, mice were orally gavaged with TMZ or dimethyl sulfoxide (DMSO) in saline, 5 days/week (2 days off) for 3 weeks. Fecal samples were collected and stored in sterile tubes at --80°C prior to tumor implantation (first sample), prior to TMZ/Saline treatment (second sample) and at sacrifice/post treatment (third sample).

To determine the effect of oral TMZ on fecal metabolites and microbiome composition (second experiment), nine tumor naïve mice were divided into two groups: Group 1: Oral Saline (n = 4) and Group 2: Oral TMZ 5 mg/kg (n = 5). Mice were orally gavaged with TMZ 5 mg/kg or DMSO in saline 5 days/week (2 days off) for 3 weeks. Fecal samples were collected at day 0 and prior to sacrifice.

Per Institutional Animal Care and Use Committees protocol, any animal displaying signs of significant weight loss (\>10% from baseline) or immobility were euthanized. All surviving animals were sacrificed on day 42 and 21 at the experimental endpoint (first and second experiments, respectively) with an intraperitoneal injection of 0.1μl/10g body weight dose of Tribromoethanol (Avertin; Sigma-Aldrich, MO, USA) dissolved in 2-Methyl-2-Butanol. Stool samples were collected from the large intestine (cecum) at the time of sacrifice. Fresh major organs (including the brain) were stored in formalin and processed for paraffin sections and Hematoxylin & Eosin staining. Brains that were implanted with GL261 cells were macroscopically and histologically examined by a certified neuropathologist blinded to the treatment group to confirm the presence of tumor.

GL261 mouse model of glioma {#S0003}
---------------------------

Mice were implanted with GL261 cells maintained in Kaur\'s laboratory (Courtesy of Dr. Maria Castro, University of Michigan, MI, USA). GL261 is an invasive but nonmetastatic murine glioma model with high tumor take rate that harbors both p53 and K-ras mutations \[[@B21]\]. GL261 cells were cultured in Dulbecco\'s Modified Eagle\'s Minimal with 10% fetal bovine serum (Sigma-Aldrich), penicillin and streptomycin in a humidified atmosphere with 5% CO~2~ at 37°C. Mice were anesthetized and stabilized in a stereotactic frame, a burr hole was drilled 2 mm lateral and 1 mm anterior to the bregma in the right hemisphere, to a depth of 3.5 mm \[[@B22]\]. GL261 (1 × 10^5^ cells) in 2 μl of Hank\'s buffered salt solution or sham-treated with the same amount of solution were implanted over 5 minutes using autoinjectors.

A total of 100 mg of TMZ (Sigma-Aldrich) was dissolved in 1.5 μl of DMSO (Sigma-Aldrich) and sonicated three times. The solution was further dissolved in 38.5 μl of sterile saline for a final working concentration of TMZ of 2.5 mg/μl.

Patient characteristics & fecal sample collection {#S0004}
-------------------------------------------------

This pilot prospective study was approved by the institutional review board of the University of Texas Health Science Center at Houston and Memorial Hermann Hospital, Houston (TX, USA). The study was conducted from January 2018 to July 2019. Patients for which a fecal sample was obtained prior to surgical resection for newly diagnosed gliomas at our institution were included in the study. Patients with recent antibiotic exposure (30 days) for other conditions, under 18 year of age, history of other cancers or gastrointestinal diseases (e.g., inflammatory bowel disease) were excluded from the study. Patients' age, sex, race, Karnofsky performance score (KPS), body mass index (BMI), diagnosis (2016 WHO classification of brain tumors) \[[@B23]\], tumor volume, adjuvant therapy, progression and survival were obtained from the electronic medical record and stored in a prospective REDCap database ([Table 1](#T1){ref-type="table"}). Patients underwent biopsy or maximum safe tumor resection at the discretion of the treating neurosurgeon, followed by radiation therapy with concomitant TMZ (75 mg/m^2^) \[[@B4]\]. *IDH1* p.R132H immunohistochemistry was performed with a mutant protein-specific antibody (1:40; H09 monoclonal; Dianova, Hamburg, Germany) in a Dako Omnis (Agilent Technologies, CA, USA) autostainer. Fecal samples were collected before resection (Pre-Sx) and prior to a prophylactic intraoperative single dose of cephalosporin. Six household family members or nonrelated individuals were utilized as controls. Fecal samples for metabolomic analysis and 16S rRNA sequencing were collected using microbial collection and stabilization kits (OMNIgene Gut; DNA Genotek, Kanata, Canada).

###### Demographic and clinical characteristics of patients.

  Pt\'s ID                                     Sex   Age   Race   Pre-op KPS   Dx    WHO grade   IDH   Tumor location
  -------------------------------------------- ----- ----- ------ ------------ ----- ----------- ----- -------------------
  **G1**                                       M     76    A      60           GBM   4           WT    Parietal
  **G2**                                       F     18    H      80           DA    2           WT    Temporal-Insular
  **G3**                                       F     70    W      80           GBM   4           WT    Frontal
  **G4**                                       M     29    H      80           GBM   2           Mut   Fronto-Parietal
  **G5**                                       F     53    W      70           GBM   4           WT    Frontal
  **G6**                                       M     64    H      40           GBM   4           WT    Temporal
  **G7[^†^](#T1TFN1){ref-type="table-fn"}**    M     31    W      60           GBM   4           WT    Frontal
  **G8[^†^](#T1TFN1){ref-type="table-fn"}**    M     69    W      70           GBM   4           WT    Parieto-Occipital
  **G9[^†^](#T1TFN1){ref-type="table-fn"}**    M     21    W      90           GBM   4           WT    Temporal
  **G10[^†^](#T1TFN1){ref-type="table-fn"}**   F     60    A      90           AA    3           WT    Parietal

These patients only had a pre-treatment (second) and post treatment (third) sample, thus they were only use for metabolite analysis following treatment.

A: Asian; AA: Anaplastic astrocytoma; DA: Diffuse astrocytoma; Dx: Diagnosis; F: Female; G: Glioma; GBM: Glioblastoma; H: Hispanic; KPS: Karfnosky performance status; M: Male; Mut: Mutant; W: White nonhispanic; WHO: World Health Organization; WT: Wild-type.

Neurotransmitters & SCFAs extraction & analysis {#S0005}
-----------------------------------------------

Targeted Metabolic profiling of neurotransmitters and SCFA was performed at the Alkek Center for Molecular Discovery at Baylor College of Medicine, Houston (TX, USA), as previously described \[[@B24],[@B25]\]. We identified 26 and 23 metabolites in mice and humans, respectively. Briefly, fecal neurotransmitters were obtained after the addition of 4:3:2 methanol: chloroform: water. The organic and aqueous layers were collected, dried and resuspended with 1:1 water: methanol and were subjected to liquid chromatography--mass spectrometry. The neurotransmitters were separated using High-performance liquid chromatography (HPLC) column Zorbax eclipse XDB C-18, 1.8 microns, 4.6 × 100 mm (Agilent Technologies). Neurotransmitters were measured in electrospray ionization positive mode using a 6490 triple quadrupole mass spectrometer coupled to an HPLC system (Agilent Technologies) with multiple reaction monitoring. The acquired data were analyzed using Agilent mass hunter quantitative software. (Agilent Technologies).

The SCFA were analyzed by derivatization procedures. After the addition of 500 μl of acetonitrile, homogenization and supernatant collection, a 2:1 supernatant:200 mM 12C6-3NPH and 120 mM EDC were added and incubated. The mixture was cooled and reconstituted with a 10% aqueous acetonitrile. 10 μl of the solution injected into liquid chromatography/tandem mass spectrometry using acquity UPLC HSS T3 1.8 um (2.1 × 100 mM) (Waters Corporation, MA, USA). The SCFA were measured in electrospray ionization negative mode using a 6490 triple quadrupole mass spectrometer coupled to an HPLC system (Agilent Technologies) with multiple reaction monitoring. The acquired data were analyzed using Agilent mass hunter quantitative software (Agilent Technologies).

Microbial DNA extraction & 16S rRNA gene sequencing {#S0006}
---------------------------------------------------

16S rRNA gene compositional analysis provides a summary of the composition and structure of the bacterial component of the microbiome. Genomic bacterial DNA extraction methods were optimized to maximize the yield of bacterial DNA while keeping background amplification to a minimum. 16S rRNA gene sequencing methods were adapted from the methods developed for the Earth Microbiome Project and NIH-Human Microbiome Project and performed at the Alkek Center for Metagenomics and Microbiome Research at Baylor College of Medicine, Houston (TX, USA), as previously described \[[@B26],[@B27]\]. A custom script that constructs an operational taxonomic unit table from the output files was used for downstream analyses using a visualization toolkit developed at the Alkek Center named ATIMA (Agile Toolkit for Incisive Microbial Analyses).

Statistical analysis {#S0007}
--------------------

The ATIMA software was used for the analysis of 16S rRNA sequencing. ATIMA is an R software suite combining publicly available packages (i.e., APE and VEGAN) and purpose written code to import sample data and identify trends in taxa abundance and other variables. For neurotransmitters and SCFA metabolites analysis, the data were log^2^-transformed and normalized with internal standard per-sample, per-method basis. For every metabolite in the normalized dataset, two-sample t-tests were conducted to compare expression levels between different groups. Differential metabolites were identified by adjusting the p-values for multiple testing at an false discovery rate (FDR) threshold of \<0.25. For individual metabolites comparison, scattered plots were performed in Prism v 8.4.1 (GraphPad, CA, USA).

Results {#S0008}
=======

Glioma alters murine fecal metabolites {#S0009}
--------------------------------------

Comparison of samples collected prior to tumor implantation (first sample-baseline) versus samples collected at the time of sacrifice (third sample) in GL261/Saline mice revealed that 12 metabolites were decreased and four metabolites were increased after tumor development, [Figure 1](#F1){ref-type="fig"}A. Metabolites with reduced levels following glioma growth included dihydroxy phenyl acetic acid (DOPAC), adenosine, histamine, butyrate, propionate, acetate, norepinephrine, 5-hydroxyindoleacetic acid (5-HIAA), GABA, tryptophan, valerate and aspartic acid. In contrast, serotonin 3-methyl valerate, caproate and acetylcholine were increased after tumor growth.

![Alterations in fecal metabolites in mice following glioma growth with and without temozolomide.\
**(A)** Alterations in fecal metabolites following glioma growth. Heat map of unsupervised hierarchical clustering showing fecal metabolite levels between the first sample (n = 4) and third sample (n = 4) in the GL261/Saline group. There were four increased and 12 decreased fecal metabolites following glioma growth (FDR \< 0.25). **(B)** Changes in fecal metabolites following glioma growth in the setting of TMZ treatment. Heat map of unsupervised hierarchical clustering showing fecal metabolite levels before (second sample, n = 4) and after (third sample, n = 3, fecal quantity not sufficient for analysis in one mouse) in the GL261/TMZ (25 mg/kg) group. There were only three increased and one decreased fecal metabolite. Metabolite changes are fewer in the setting of TMZ. (FDR \< 0.25).\
FDR: False discovery rate; TMZ: Temozolomide.](cns-09-57-g1){#F1}

Additional comparison of all baseline samples (to increase sample size) from this experimental group compared with the third sample of the GL261/Saline mice demonstrated consistent findings ([Supplementary Figure 1](/doi/suppl/10.2217/cns-2020-0007/suppl_file/cns-09-57-s1.pptx)).

Glioma-Induced fecal metabolite changes in the setting of TMZ in mice {#S0010}
---------------------------------------------------------------------

To investigate alterations in fecal metabolites in the setting of TMZ, mice were orally gavaged with TMZ for 3 weeks after tumor implantation. Fecal metabolite analysis was performed between the second and third sample (before and after TMZ) in the GL261/TMZ group demonstrating an increase in 3 metabolites (acetylcholine, 3-methyl valerate, caproate) and decrease in histamine at sacrificed (third sample), [Figure 1](#F1){ref-type="fig"}B. Moreover, the fecal metabolite analysis performed between the first and third sample (before tumor implantation and after TMZ) did not reveal statistically significant differences in mice treated with TMZ, contrasting the changes observed in the GL261/Saline group ([Supplementary Figure 2](/doi/suppl/10.2217/cns-2020-0007/suppl_file/cns-09-57-s2.pptx)). No significant differences in weight loss were found between GL261/Saline and GL261/TMZ. A comparison between mice undergoing oral gavage with either saline or TMZ (second experiment) did not reveal significant differences of fecal metabolites at the administered dose (5 mg/kg).

Effects of glioma & TMZ in the murine fecal microbiome {#S0011}
------------------------------------------------------

A comparison between mice at baseline (first sample, n = 14), GL261 implanted mice before chemotherapy (second sample, n = 8), GL261/Saline (third sample, n = 4) and GL261/TMZ (third sample, n = 4) demonstrated no significant differences in α-diversity operative taxonomic units (p = 0.38) or Shannon Diversity Index (p = 0.12). Principal coordinate analysis (PCoA) demonstrated significant β-diversity changes between these groups (Weighted Bray-Curtis PCoA p = 0.0001).

Taxa relative abundance differences at the phylum level revealed a non-significant reduction in both *Bacteroidetes* and *Firmicutes* with an increased abundance of *Verrucomicrobia* after tumor growth, [Figure 2](#F2){ref-type="fig"}A. At the genus level, contrary to its phylum the relative abundance of *Bacteroides* significantly increased after tumor development (p = 0.04), [Figure 2](#F2){ref-type="fig"}B. Also, the *Akkermansia* genus from the *Verrucomicrobia* phylum was increased after tumor growth (1.2% Baseline vs 37% GL261/Saline at sacrifice); however, this was not statistically significant ([Figure 2](#F2){ref-type="fig"}B). Interestingly, in the setting of TMZ (GL261/TMZ third sample), the glioma induced microbiome changes were diminished, reaching similar levels as the baseline (first sample) or following glioma implantation (second sample), [Figure 2](#F2){ref-type="fig"}A & B.

![Alterations in fecal microbiome following glioma growth with and without temozolomide.\
**(A)** Taxa at the Phylum level. Relative abundance levels of *Bacteroidetes* and *Firmicutes* are decreased and *Verrucomicrobia* increased following tumor growth; however, these changes are diminished in the GL261/TMZ group. **(B)** Taxa at the Genus level. Relative abundance levels of *Akkermansia* and *Bacteroides* levels are increased after tumor growth; however, these changes are diminished in the GL261/TMZ group. Baseline of all mice in the first experiment (first Sample, n = 14), GL261 bearing mice before treatment (second Sample, n = 8), GL261/Saline at sacrifice (third Sample, n = 4) and GL261/TMZ 25 mg/kg at sacrifice (third Sample, n = 4). A red asterisk marks the significant changes.\
TMZ: Temozolomide.](cns-09-57-g2){#F2}

Glioma induced changes in fecal metabolites & microbiome in humans {#S0012}
------------------------------------------------------------------

Patients included in the study were diagnosed according to the WHO 2016 classification by a neuropathologist as glioblastoma, IDH-wild type (GBM IDH-WT) (n = 4), glioblastoma, IDH-mutant (GBM IDH-Mut) (n = 1) and diffuse astrocytoma IDH-WT (n = 1). The median follow-up for the cohort in this preliminary study was 14.2 months. The demographic and clinical characteristics of patients are depicted in [Table 1](#T1){ref-type="table"}.

Fecal samples for metabolite analysis from six glioma patients were collected prior to surgical resection (first sample) and compared with six control samples. There was no significant difference in the median age of both groups (glioma, 58.5- vs Control, 62 years). Demographic characteristics of the control group are displayed in [Supplementary Table 1](/doi/suppl/10.2217/cns-2020-0007/suppl_file/cns-09-57-s3.docx). Fecal metabolite analysis in glioma cases demonstrated decreased levels of 5-HIAA and norepinephrine compared with controls, [Figure 3](#F3){ref-type="fig"}A--C. Bacterial α-diversity, β-diversity and relative taxa abundance from the six glioma patients compared with controls did not reveal significant differences.

![Alterations in fecal metabolites of glioma patients and controls.\
**(A)** Heat map of unsupervised hierarchical clustering showing fecal metabolites levels demonstrating decrease 5-hydroxyindoleaceic acid and norepinephrine in stool samples from glioma patients before surgical resection compared with controls. **(B)** Scattered plot of fecal 5-hydroxyindoleaceic acid showing decrease level in glioma patients before surgical resection compared with controls. **(C)** Scattered plot of fecal norepinephrine showing decrease level in glioma patients before surgical resection compared with controls. Glioma patients n = 6. Controls n = 6. (False discovery rate \< 0.25).](cns-09-57-g3){#F3}

Fecal samples for metabolite analysis from ten glioma patients before and after chemoradiotherapy (second and third samples) were compared. No significant differences were found between this comparison.

Discussion {#S0013}
==========

In the present study, we investigated for the first-time fecal SCFAs and neurotransmitter changes in a GL261 murine glioma model, as well as in a preliminary prospective cohort of adult glioma patients. Additionally, we also evaluated changes in these metabolites in the setting of oral TMZ. Our murine experiments found 16 differentially expressed metabolites following glioma growth.

The immune and inflammatory response that occurs following blood--brain barrier (BBB) disruption induced by tumor growth is likely to affect the sympathetic and parasympathetic modulation of the enteric nervous system, as observed in other diseases such as stroke \[[@B28]\]. These systems have a critical role in modulating gut function, including regulation of mucus and fluid production, acid secretion, mucosal immune response, secretion of antimicrobial peptides, release of neurotransmitters into the gut and modifying the access of luminal bacteria and antigens to immune cell in the gut \[[@B6],[@B28]\].

SCFAs are almost exclusively derived from bacterial metabolism in the gut \[[@B28]\]. Changes in both microbiome and SCFAs' have established the role of the microbiome-gut--brain axis in various neurological conditions \[[@B6],[@B15],[@B28]\]. SCFAs influence the immune system and have been implicated in the regulation of neutrophil chemotaxis, induction of regulatory T cell development, IL-10 secretion, inhibition of NF-κ B and the suppression of cytokine production from myeloid cells. \[[@B6],[@B28]\].

In this study, we found that propionate, butyrate and acetate, the three most abundant SCFAs, all decrease following glioma growth ([Figure 1](#F1){ref-type="fig"}A). While prior studies have established a relationship between the gut microbiome, SCFA and cancer development \[[@B32],[@B33]\], such a relationship has not yet been defined in CNS tumors. Changes in SCFA after glioma development appear to be due to the effect of CNS damage and BBB disruption that lead to changes in the microbial community via gut--bran axis interactions with a subsequent decrease in the production of bacterial SCFAs. Moreover, our results demonstrate that the extent of SCFAs changes in our murine glioma model were not observed in the setting of TMZ ([Figure 1](#F1){ref-type="fig"}B). Such findings could be explained as a result of tumor control from chemotherapy rather than the intrinsic effect of the chemotherapy on the gut, as no metabolite changes were observed in either mice or humans following TMZ. However, these findings warrant further study to better understand the role of SCFA changes as signal molecules in glioma, the interplay with the immune system and the effects on tumor microenvironment, which has potential therapeutic implications.

In addition to the changes in SCFAs, our study demonstrated that fecal 5-HIAA and norepinephrine levels significantly decreased following glioma growth in mice and humans compared with controls. Interestingly, retrospective studies demonstrated a reduced incidence of glioma in patients on long-term therapy with tricyclic antidepressants, which work through reuptake inhibition of serotonin and norepinephrine allowing for increased local levels of these neurotransmitters \[[@B34]\]. Prior studies have demonstrated that gut luminal serotonin is regulated by the commensal microbiome in mice and that fecal levels changes correspond to brain tissue serotonin levels \[[@B35]\].

Recent studies demonstrate that genes related to dopamine and serotonin signaling influence survival in patients with GBM. These survival differences based on monoamine gene expression suggest that these signaling mechanisms may influence GBM growth and progression \[[@B36]\]. Serotonin has been shown to influence canonical growth pathways and affect cancer progression and oncogenesis in several types of tumors. Additionally, serotonin has a potential ability to influence blood flow and angiogenesis, which are critical factors affecting tumor growth in GBM \[[@B36]\]. In our study, fecal serotonin increased after tumor development and 5-HIAA was decreased in the mice glioma model. GL261 models have been reported to recapitulate histologic and biological characteristics of GBM \[[@B37]\]. Moreover, our results appear to be translational to humans as 5-HIAA levels were also decreased in glioma patients. These changes were not observed in the setting of TMZ treatment ([Figure 3](#F3){ref-type="fig"}A & B and [4](#F4){ref-type="fig"}A & B).

![Alterations in fecal 5-hydroxyindoleaceic acid and norepinephrine in mice following glioma growth with and without temozolomide.\
**(A)** Scatter plot showing decrease fecal 5-hydroxyindoleaceic acid levels following tumor growth in GL261/Saline mice. First sample n = 4 and third Sample n = 4. **(B)** Scatter plot showing no differences between the second sample (prechemotherapy) and third sample (postchemotherapy/sacrifice) in fecal 5-hydroxyindoleaceic acid levels in tumor-bearing mice treated with TMZ (GL261/TMZ) group. second Sample n = 4 and third Sample n = 3. **(C)** Scatterplot showing decrease fecal norepinephrine levels following tumor growth in GL261/Saline mice. first Sample n = 4 and third Sample n = 4. **(D)** Scatter plot showing no differences between the second Sample (prechemotherapy) and third Sample (postchemotherapy/sacrifice) in fecal norepinephrine levels in tumor-bearing mice treated with TMZ (GL261/TMZ) group. Second sample n = 4 and third sample n = 3. The fecal quantity was not sufficient for analysis in the third sample of one mouse in the GL261/TMZ group).\
TMZ: Temozolomide.](cns-09-57-g4){#F4}

5-HIAA, a major metabolite of serotonin, is formed by the mitochondrial enzyme monoamine oxidase \[[@B38]\]. Approximately 90% of the serotonin is synthesized in the gastrointestinal tract and regulates gastrointestinal, cardiac, respiratory and endocrine functions. Also, it crosses the BBB where it is involved in brain function \[[@B39]\]. A recent study evaluating the SERT protein, which plays a critical role in regulating the extracellular availability of serotonin in the gut and brain, and the microbiome found that SERT knockout mice displayed higher abundances of *Bacilli* species and lower abundances of *Bifidobacterium* species and *Akkermansia muciniphilia* \[[@B40]\]. Importantly, *Bacilli* is part of the *Firmicutes* phylum and *Akkermansia muciniphila* is the most important species of *Akkermansia* genus and *Verrucomicrobia* phylum. Our preliminary findings demonstrated decreased levels of *Firmicutes* and increased abundance of *Akkermansia* and *Verrucomicrobia* following tumor growth and significant increase in *Bacteroides* ([Figure 2](#F2){ref-type="fig"}A & B). These microbiome alterations could drive the corresponding changes in fecal 5-HIAA levels ([Figure 1](#F1){ref-type="fig"}A). It is well established that a variety of malignancies and CNS insults result in alterations to the gut microbiome, which in turn are able to modify peripheral immune cell and CNS function. Therefore, glioma is very likely to alter the gut microbiome, which will, in turn, modulate the colonic neurotransmitter production and *de novo* synthesis \[[@B41]\]. Studies utilizing germ-free mice found reduced serum and colonic levels of serotonin, suggesting that local environmental changes promote systemic changes. Furthermore, spore-forming bacteria, their metabolites and SCFAs can stimulate the production of serotonin from enterochromaffin cells \[[@B41],[@B42]\]. However, further investigation is needed to identify the specificity of these changes.

Even though, no statistically significant differences between microbial taxa in humans were observed, there were significant differences in fecal 5-HIAA and norepinephrine between glioma patients and controls, which most likely correspond to subtle differences in the fecal microbiome that were enough to alter the colonic metabolite production and *de novo* synthesis, both known to be the effect of the gut microbiome \[[@B41]\]. However, larger studies to identify such microbial taxa are needed.

Catecholamines including norepinephrine are traditionally considered to be a part of the fight-or-flight stress response \[[@B44]\]. In addition, recent studies have demonstrated that catecholamines also modulate host--microbial interface. Interestingly, in germ-free mice, serum norepinephrine is increased when compared with controls \[[@B45]\]. As described above, increased norepinephrine through the activity of tricyclic antidepressants is implicated in limiting glioma growth thus, our finding of decreased norepinephrine may help in driving glioma growth and progression.

It has been demonstrated that the gut is a major source of early norepinephrine release during sepsis. This release initiates and helps to propagate the systemic inflammatory cascade driving increased TNF-α production and downstream inflammatory cytokines \[[@B46]\]. In our study, fecal norepinephrine was significantly decreased in tumor-bearing mice and humans with glioma, compared with controls ([Figure 3](#F3){ref-type="fig"}A & C & [4](#F4){ref-type="fig"}C & D) suggesting that the tumor may be blunting the 'type 1' inflammatory effects. The changes observed in fecal norepinephrine levels might be related to microbiome changes as observed in other metabolites. Fecal microbiome and metabolites changes may occur with CNS injury (BBB disruption) such as tumor growth, which may disrupt functions of the autonomic nervous system as well as the hypothalamic--pituitary--adrenal axis \[[@B47],[@B48]\]. This plays a role in regulating gut motility, permeability, bicarbonate and acid secretion resulting in a dysbiosis. Alterations in microbial constitution have been shown to alter not only the local immune environment but also in the CNS \[[@B28],[@B49],[@B50]\], accelerating pathology or improving outcomes, such as the case of γδ T cells in ischemic stroke \[[@B51]\]. Furthermore, it is understood that microorganisms communicate with each other via the secretion of SCFAs, catecholamines, serotonin and other neurotransmitters. These signaling molecules are able to interact with receptors of vagal afferents \[[@B52],[@B53]\], as well as diffuse into circulation where they may act in an endocrine fashion \[[@B47],[@B54]\]. Additionally, differences have been observed in serum norepinephrine levels between germ-free and controls in previous studies \[[@B45]\].

While prior studies have demonstrated changes in gut microbiome following chemotherapy, particularly alkylating agents \[[@B55]\], our study did not reveal significant differences of fecal metabolites at the administered doses (5 mg/kg). However, further studies, including the utilization of higher doses in mice and larger human cohorts are required to evaluate microbiome and metabolite changes from oral TMZ.

Recent studies demonstrate how certain microbial strains affect survival in melanoma and epithelial tumors treated with immunotherapy \[[@B19],[@B20]\]. It is conceivable that similar findings may occur in CNS malignancies and potentially affect survival, via immunomodulatory responses through metabolites, neurotransmitters and cytokines \[[@B29]\]. However, further study of the relationship between CNS malignancies, metabolites, microbiome and response to treatment are warranted. Future investigations should be directed to identify how specific fecal microbiome and metabolites interplay with the immune system and its effect on tumor growth, response to therapies and outcome; specifically, isolated depletion and reconstitution with individual microbial taxa.

We acknowledge several limitations in this preliminary study, including the relatively small number of humans and mice in the experimental groups, lack of circulating immune markers, blood and brain metabolites and absence of associations with outcomes and response to TMZ. Additionally, our study group was very heterogeneous in terms of sex, age, glioma subtype (IDH-Mut vs IDH-WT) and other factors that are known to affect the microbiome \[[@B56],[@B57]\], which may account for the lack of significant differences found in our human cohort. However, the results in this study demonstrate for the first-time glioma induced changes in both SCFAs and neurotransmitters and demonstrate the well-established microbiome--gut--brain axis. Finally, we did not observe fecal metabolite changes at the TMZ administered doses, but fecal metabolite changes with higher TMZ doses cannot be excluded and deserves further study. Future studies with larger sample sizes are needed to identify differences in fecal microbiome and metabolites accounting for glioma subtypes, which have different behavior, growth patterns and prognosis.

Conclusion {#S0014}
==========

Our preliminary findings demonstrate the interplay between glioma and the gut--brain axis in mice and humans. Several fecal metabolites are differentially expressed in mice following tumor growth. Norepinephrine and 5-HIAA are significantly decreased in humans with glioma, as well as in tumor-implanted mice. Interestingly, the modulation of fecal metabolites is likely driven by glioma feedback as treatment with TMZ, which limits glioma growth and abrogates the effects of glioma on murine fecal metabolites. Further work is required to identify the pathways within the microbiome-gut--brain axis that influence and promote the changes of fecal metabolites. Elucidating these pathways may provide additional therapeutic strategies to limit glioma growth and improve survival.

###### Summary points

-   Glioma growth induces fecal metabolite alterations in a mouse GL261 model.

-   Short-chain fatty acids and neurotransmitters, including butyrate, propionate, acetate, norepinephrine and 5-hydroxyindoleaceic acid, were decreased following tumor growth.

-   Serotonin, 3-methyl valerate, caproate and acetylcholine increase following tumor growth.

-   Temozolomide diminished fecal metabolite changes in tumor-bearing mice.

-   5-Hydroxyindoleaceic acid and norepinephrine were decreased in tumor-bearing mice and glioma patients.

-   There is a decrease in *Bacteroidetes* and *Firmicutes* phyla levels and an increase in *Verrucomicrobia* phylum after tumor growth in mice.

-   There is an increased relative abundance of *Akkermansia* and *Bacteroides* genera.

-   Modulation of the microbiome could expand therapeutics options for glioma patients and deserves further study.
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